Machines and The Industrial Revolution
At the present time we see a new kind of industrial revolution in accelerator physics: the proliferation of factories. The standard model territory has been rather well explored, and the rich physics lodes identified. What remains is to manufacture useful output from these raw materials. Name a particle and there is a factory either in existence or proposed for producing a vast number of them. Every quark (not counting those from which we are made) has its factory or factories.
Kaon factories have been around for some time, yielding the beautiful limits on rare and forbidden decays as reported here.3 New ones, such as KAON in Canada, are hopefully on the way. There is renewed interest in phi factories, i.e. e+e-colliders of 1 GeV ems energy, with the central motivation to produce I(L -KS pairs for CP violation studies.
A proposal for such a machine at Frascati is approved, with the goal of attaining a luminosity of 1O33 cms2 set-'. Not only is this a daunting challenge, but so also is the CP experiment itself, which requires very good electromagnetic calorimetry in both energy and spatial resolution.
It is a pleasure to see the Beijing charm factory entering the field at this meeting: and we all, I am sure, wish them a productive future. But already there is serious discussion in a number of places, notably Spain, on going to much higher luminosity at charm threshold. Not only are such machines factories for charm, but also for tau leptons, for which very beautiful precision measurements can be carried out.
The e+e-colliders are not the only sources of charm. High energy fixed target experiments using photon and/or hadron beams have been and will continue to be a serious alternative. For example, it is expected that the next generations of Fermilab fixed target experiments will reach a level of a million reconstructed charm 3 particles per experiment. And maybe in the long run hadron-hadron colliders will go well beyond that-although at present I know of little activity aimed in that direction.
By far the most popular factories now under discussion are the bottom factories. This is right and proper, given that the bottom quark promises to teach us much about the electroweak mixing parameters and thus ultimately about the origin of quark mass and perhaps electroweak symmetry breaking. The criteria for e+e-bottom factories, set by the desire to observe CP violating processes, are that they have luminosities well in excess of 1O33 cme2 set-' and preferably that they have asymmetric beam energies, say 9 GeV against 3 GeV. Then the moving center of mass of the upsilon parent, together with high precision vertex detection, allows resolution of the decay vertices of the B mesons and therewith highly improved sensitivity to mixing phenomena and the CP physics. There is discussion in Japan, the USA, western Europe, and the Soviet Union. At least one such machine, if technically feasible, must be built somewhere.
A complementary approach utilizes hadron-hadron collisions. Already at the TeVatron collider rare B decays have been observed without the help of microvertex detectors.
There has been a lot of study on what may be reachable with an optimized collider detector dedicated to the study of B physics for its own sake.
The CP violation level looks attainable, although the technical requirements on the detector and data acquisition system are very severe. And at CERN5 (and Fermilab ", we shall soon see how well microvertex detection can be implemented in the relatively hostile collider environment.
The possibility of fixed-target experiments should not be ignored either. Interesting, sensitive experiments are being mounted at Fermilab, and there is serious discussion of whether a fixed-target approach at the SSC is competitive with collider experimentation.7
In order to compete, there has to be a great instrumental advantage in the fixed-target approach to overcome the superior signal-to-noise ratio in collider mode. In particular, there is a folk-theorem that states that for a fixed detector geometry and acceptance, the signal-to-noise increases rapidly if either beam energy is raised. This is because for a fixed detector architecture, the main thing that changes with increasing energy is the parton-parton luminosity.
That quantity in turn grows rapidly with increasing energy because the parton longitudinal fractions ~1 and 22 decrease. Generic backgrounds associated with minimum bias physics do increase slowly with energy, but much less rapidly than the hard-collision signal. In comparing fixed target architectures with collider architectures, there is, however, a potential distinction coming from the necessity of a beam pipe for the circulating beams going through the center of the appara- All these factories, in addition to providing some superb physics, also provide opportunities for research at a scale small compared to the big machines. But and we now find the remarkable situation in which not one but probably two such colliders will exist, each primarily supported at the regional level. By definition, this raises the possibility that some day it will be appropriate to get to the next step at the world scale. That day is a long way away, but it is appropriate to question whether the next step is technically feasible. Eventually circular proton machines suffer the same fate as electron colliders: synchrotron radiation becomes intolerable. It is much worse for the protons because superconducting magnets do not peacefully coexist with synchrotron photons. There have been some studies 11 as to where the barrier lies; within a factor 7r my guess is 200 TeV per beam.
Beyond that wall is the world of radical, very-high-gradient linear acceleration techniques.
Probably the linear acceleration line will remain in the realm of electron colliders for a long time. And the technique for the next generation of linear colliders seems to be converging on a relatively conservative extension of existing techniques to higher accelerating gradients, smaller emittance beams, and more efficient delivery of power from wall-plug to beam. At SLAC, an international collaboration will construct a facility for creating and studying the small submicron beams essential for all such future machines. And sooner or later one may expect real designs for electron colliders in the TeV class emerge.
But as with the proton machines, the linear electron machines eventually reach a barrier beyond which the extension of existing techniques won't work. If we go to extremes, and ask that in some future century linear colliders surpass the ultimate circular proton machine in energy, one talks about accelerating gradients of, say, 10
GeV per meter or more. This is 1 eV/Angstrom. Given that free electromagnetic fields do not efficiently accelerate beams (the E field is at right angles to the delivered momentum), this means that matter necessarily is very near or within the beams. Energy considerations demand that the transverse scale of the entire accelerating structure be very small. These requirements together make just the survivability of any solid accelerating structure a doubtful proposition. The list of basic problems is very long, and what seems clear is that the technique at such scales is probably very different from state of the l2 art.
While there is still some time before these questions have to be faced, it is clearly important that the R&D proceed with considerable priority. The level of the required effort to make real progress is nontrivial. I cannot tell whether it is satisfactory at present; my guess is that there simply are not enough accelerator physicists around to do this kind of thing as well as to deal with the present menu of big machines and factories.
Before leaving this section, it is appropriate to mention another industrial revolution, namely the increasing involvement of industry in the design and construction of the biggest machines. The interaction of industry and the traditional scientific establishment is very different in different regions (compare Japan, USSR, and CERN, for example). But a particular focus is in the United States with the management of the SSC. One need only read the newspapers to appreciate the potential hazards.
Experiments: A Social Revolution
For a long time, experiments have been growing in size and complexity.13 But it seems to me that in just the last ten years the change has been quite extraordinary. It is now routine to have experimental groups which number in the several hundreds. With the SSC is seen further escalation in size. I am told that the SDC collaboration now charges a registration fee for its group meetings and issues proceedings.14 This collaboration, which has so far produced a document "expressing interest" in experimentation at the SSC, will eventually produce a proposal, and hopefully be approved. But already there are more than 500 physicists signed on.
In contemplating this, I am reminded of the old days when SLAC was being built. The total number of physicists and construction budget of SLAC was no larger than the SDC enterprise. And there was plenty of concern-especially locally-of the possible negative effects on the independence and creativity of individual physicists by this manifestation of Big Science. And in those days SLAC really represented the biggest of big science. There were problems, but in general I think most people would agree that both scientifically and socially things turned out very well. would hope that our great grandchildren will make the adjustment.
Before leaving this subject, there is another quite fundamental question asso- In the corridors afterward, I heard another hypothesis, namely that conservatism led to overestimate of systematic errors, some of which remained in Dydak's compilation. While "social pressure" suggests that the quoted error is too small, the latter "conservatism" interpretation suggests the opposite. Thus you are free to draw whatever conclusion you prefer. The result to me is simple: we have evidence that these monster experiments have not become gigantic automata, but that they are still human. I see nothing wrong with that. The first is simple survivability of the detector: the singles rates in individual channels must be acceptably low, and the detection elements must be radiation hard. Next, the on-line data processing system is massive and must operate at great speed. And the event-selection strategies are multilevel and complex. But despite the enormous challenges of meeting the demands of high luminosity, there is the reassuring feature that if the goals are not initially met, there is a "soft landing". The folk-theorem I discussed in the first section provides assurance that even were the SSC run at contemporary luminosity, with a contemporary detector, physics would be greatly advanced beyond where we are now. There would be an order of magnitude more W's and Z's, and probably the top quark could be seen. This is evidently an extremely minimal kind of "existence theorem," and without a very aggressive attitude toward new technology one could surely go much further than that.
Closely related to this is the opportunity for doing physics of a specialized nature at hadron-hadron colliders. There is in principle just about as much diversity The message is that searches should be as broad-based as possible. The breakthrough may be as unanticipated as was strangeness, quarks, and color. Aside from its own intrinsic interest, it might lead to new ways of approaching new physics in a more background-free way.
(b) The small-z region, say z < 10m5, is of special theoretical interest because gluon densities become extremely large, and nonperturbative effects can be expected. 24 Again there ought to be a variety of experiments which look at this. The smallest attainable z will in principle occur at the SSC in production of low-mass (say 5-10 GeV) systems in the forward direction, where x < 10m7.
(c) The study of high-multiplicity final states and the search for quark-gluon plasma, both with nucleons and heavy ions, may lead to new insights.
If the quark-gluon phase transition temperature were to be measured, it might become the most accurate measure of AQCD.
(d) Study of QCD effects at top-quark threshold is clean and quite interesting. It will be a very nice program at any future threshold e+e-top-factories.
This list could go on and on. The bottom line is that there are plenty of directions to pursue, and there still is potential in most all of them for big surprises.
Somewhere in all these possibilities will lie the expected breakout from the standard model. We need to be patient and never give up.
